† Background and Aims Long-lived underground populations of mycoheterotrophic gametophytes and attached sporophytes at various developmental stages occur in lycophytes. Young underground sporophytes obtain carbon solely from the gametophyte and establish nutritional independence only after reaching the soil surface, which may take several years. This prolonged period of matrotrophy exceeds that of bryophytes. The foot is massive and provides the lifeline for sporophyte establishment, yet the fine structure of the placental region is unexplored in lycophytes with underground gametophytes. † Methods Gametophytes with attached embryos/young sporophytes of Lycopodium obscurum were collected in nature, processed and examined by light and transmission electron microscopy. † Key Results Three ultrastructurally distinct regions were identified within a single foot of a sporophyte emerging from the soil. Young foot regions actively divide, and have direct contact with and show little differentiation from gametophyte cells. In unlobed foot areas, cells in both generations exhibit polarity in content and indicate unidirectional transport of carbon reserves into the foot toward the developing shoot and root. The foot has inconspicuous wall ingrowths. Highly lobed foot regions contain peripheral transfer cells with prominent wall ingrowths that absorb nutrients from degenerating gametophyte cells. † Conclusions Variability within a single placenta is consistent with an invasive and long-lived foot. The late appearance of wall ingrowths in transfer cells reflects this dynamic ever-growing embryo. Placental features in lycophytes are related to the unique reorientation of all embryonic regions during development. Small placentas with wall ingrowths in both generations characterize ephemeral embryos in green gametophytes, while short-lived and repositioning embryos of heterosporous taxa are devoid of transfer cells. Transfer cell evolution across embryophytes is riddled with homoplasy and reflects diverse patterns of embryology. Scrutiny of placental evolution must include consideration of nutritional status and life history strategies of the gametophyte and young sporophyte.
INTRODUCTION
A signature of land plants is the production of an embryo that garners nourishment from the gametophyte through a placenta. The placenta is the zone of contact between the gametophyte and sporophyte generations and a common site for transfer cells, specialized cells that are characterized by cell wall/plasmalemma labyrinths that dramatically increase the interface for nutrient exchange. The location, development and microanatomy of transfer cells are important charactersthat differentiate placental fine structure in embryophytes. Based on their ubiquitous occurrence in embryophytes, transfer cells are viewed as plesiomorphic, with the appearance of these specialized cells in both the gametophyte and sporophyte in the bryophyte grade (Johnson and Renzaglia, 2009) . Additional features of the intergenerational zone such as the occurrence of interdigitating or degenerating gametophyte cells show considerable variability across plant groups (Ligrone et al., 1993; Duckett and Ligrone, 2003) . Due to the consistency of placental characteristic in groups such as hornworts, true mosses and leptosporangiate ferns, the gametophyte-sporophyte junction has been cited as an important source of phylogenetic information.
Within lycophytes, gametophyte variability is extensive and must be considered when examining embryo biodiversity (Johnson and Renzaglia, 2009) . Ultrastructural studies detailing features of lycophyte placentas span the two taxa of heterosporous lycophytes, Selaginella and Isoetes (Hilger et al., 2002 (Hilger et al., , 2005 , but are limited to taxa with only epiterrestrial, green gametophytes in homosporous forms (Peterson and Whittier, 1990; Duckett and Ligrone, 1992) . Placental features in plants with green gametophytes include a small foot with a smooth interface of transfer cells in both generations. In contrast, the placentas of Selaginella and Isoetes lack transfer cells and contain collapsed gametophyte cells adjacent to foot cells.
Light microscope observations on the embryo of homosporous lycophytes with mycoheterotrophic sub-terranean gametophytes report an intrusive foot that becomes lobed or branched (Lang, 1899; Bruce, 1979) as it invades the surrounding gametophyte tissue. The present study extends these observations with ultrastructural details of the foot and surrounding gametophyte of Lycopodium obscurum, the first embryo of a lycophyte in a mycoheterotrophic gametophyte to be examined in the transmission electron microscope. Our observations support the concept that microanatomy of placentas across seed-free tracheophytes is dependent on the pattern of embryo and young sporophyte development and that the evolution of the foot is driven by the nutritional status and life strategy of the gametophyte.
MATERIALS AND METHODS
Several gametophytes with young sporophytes of Lycopodium obscurum were collected from nature in Storrs, CT, USA with the assistance of Terry Webster. Gametophytes with young sporophytes were sectioned into small cubes that included portions of the sporophyte foot. For transmission electron microscopy, specimens were fixed overnight on ice in a 1:1 solution of 4 % glutaraldehyde and 10 % acrolein in 0 . 07 M phosphate buffer ( pH 6 . 8). The tissue was post-fixed in OsO 4 in 0 . 07 M phosphate buffer (pH 6 . 8), rinsed in buffer, dehydrated in a graded acetone series and embedded in Spurr's resin. Thin sections were collected on copper grids, stained with a saturated solution of uranyl acetate in methanol followed by lead citrate, and viewed on a Hitachi H7650 transmission electron microscope with digital image capture.
Semi-thin sections (0 . 5-1 . 0 mm) for light microscopy were stained with 0 . 05 % toluidine blue O in a 1 . 0 % sodium tetraborate solution, and digital images were captured on a Leica DM5000 B microscope equipped with a QImaging Retiga 2000R camera.
RESULTS
Gametophytes collected from nature were identified as L. obscurum based on the disc or button shape with coarse convoluted edges (Bruce and Beitel, 1979; Fig. 1A) . Young sporophytes examined herein were turning green at the tips and just beginning to emerge from the ground litter (Fig. 1A) . At this age, the foot is so massive that in order to prepare sections, it was divided into 3 -4 blocks, each approx. 1 mm in width. Different stages of development are visible along the gametophyte -sporophyte contact zone in one foot (Fig. 1B -E) . In peripheral areas of the foot, the placenta is smooth (lacking lobes), and slightly bulging foot cells abut a small zone of degenerating gametophyte cells or intraplacental space (Fig. 1B) . Small spindle-shaped gametophyte cells or cell wall remnants typically line the foot. Actively dividing regions of the unlobed foot regions are less common (Fig. 1C) . Here, cells of the foot and gametophyte abut each other, often with no placental space, and, due to similarity in content, the demarcation between generations is difficult to discern. The foot is lobed where it penetrates most deeply into the gametophyte (Fig. 1D, E) . One or two peripheral layers of smaller transfer cells contact gametophyte cells that are more or less devoid of protoplasm and consist of intact or collapsed cell walls (Fig. 1D, E) . Only in these lobes are differentiated wall ingrowths visible in the light microscope, and these are restricted to outer tangential walls and radial walls of the foot.
As inferred by cell content, the most metabolically active regions of the placenta are the younger areas where the foot is not lobed and gametophyte cells contain healthy cytoplasm . Cells in the gametophyte -sporophyte junction are small (12 -25 mm in diameter) and contain prominent nuclei. The slightly bulging foot cells contain abundant plastids with sparse starch, mitochondria and oil droplets (Fig. 2B) . Large vacuoles are mostly found on the inner side of foot cells (Figs 1B and 2B) . Epidermal foot cells initiate development into transfer cells with the appearance of indistinct, electron-lucent invaginations of cell walls that appear as small loops along the plasmalemma (Fig. 2C, D) . Occasional larger invaginations contain sparse fibrils (Fig. 2D) . Adjacent gametophyte cells are in various stages of breakdown, and layers of degenerated gametophyte cells consisting of walls with interspersed electron-dense material often line the intraplacental region ( Fig. 2A-C) . Intact gametophyte cells in the placenta contain irregular lipid droplets and scattered pleomorphic plastids with dense stroma and interspersed starch grains (Fig. 2E) . A similar ultrastructure occurs in sporophyte cells, although the plastid stroma is generally less dense (Fig. 2F ). Nuclei in both generations are surrounded by nuclear pores and are closely associated with organelles ( Fig. 2F) . Away from the contact zone, cells of both generations harbour abundant starch-containing plastids, 
although those in gametophyte cells are larger and completely filled with starch ( Fig. 2G , H). Cells in the inner foot are 3 -4 times larger than peripheral cells and they exhibit a polarity in content, with cytoplasm concentrated on the side facing the gametophyte and vacuoles on the other (Fig. 1B, C ). Oil droplets abound on both sides of the placenta. In gametophyte cells, the oil droplets aggregate along walls facing the foot and are particularly abundant near thin areas with plasmodesmata (Fig. 2I) .
In lobed areas of the foot, small peripheral cells contain wall labyrinths of coarse finger-like ingrowths within which are tightly packed fibrillar layers (Figs 1D, E and 3A -C). Each transfer cell contains a pleomorphic nucleus surrounded by numerous undifferentiated plastids that range in shape from spherical to dumbbell shaped (Figs 1D, E and 3A, D) . These plastids contain a granular matrix with scattered plastoglobuli, very sparse membranes and few starch grains. Mitochondria that lack globuli and contain cristae are more commonly associated with the wall ingrowths than the nuclei (Fig. 3B, E) . Gametophyte cells in the intraplacental zone rarely contain nuclei or discernible organelles; they are usually just shells of walls at various stages of breakdown with occasional crushed cytoplasm interspersed with nacreous wall thickenings (Figs 1D, E and 3A, E). As illustrated in Fig. 2G , starch is in the storage region of the gametophyte, which is at a distance of 5-10 layers of degenerating cells. Central foot cells are 4-5 times larger than transfer cells and have sparse cytoplasm with irregularly thickened walls (Fig. 3E ). Oil droplets similar to those in the gametophyte of earlier stages line the walls and appear to engulf the droplets where invaginations occur (Fig. 3F) .
DISCUSSION
Comparative descriptive studies are crucial in understanding biodiversity and the evolution of plant form. All too often, structures or processes that are difficult to obtain are examined in one or two representative organisms, with generalizations across taxa leading to erroneous inferences on evolutionary change. Without the present contribution, for example, our understanding of lycophyte placental diversity would be skewed by the limited studies on the elusive embryos of these speciose pteridophytes (Duckett and Ligrone, 2003) .
The foot in lycophytes with underground mycoheterotrophic gametophytes is the largest and most complex of any among embryophytes. In 1898, Bruchmann described the foot of L. (¼Diphasiastrum) complanatum as a warty, unruly mass of tissue. A year later, Lang (1899) illustrated the foot of L. clavatum, which is less lobed and comparatively small, measuring only 15 cells at its widest point. In a study focusing on gametophyte morphology, Bruce (1979) illustrated a massive and extensively lobed foot in the embryo of L. (¼Diphasiastrum) digitatum. These three authors described the foot as haustorial and destroying the gametophyte through intrusive growth, but no evidence was presented of transfer cells or wall ingrowths that are often visible in the light microscope. The foot of L. obscurum described in this study falls somewhere between those of L. clavatum and L. digitatum in size and degree of lobing. More importantly, this first ultrastructural investigation of the placenta in a non-green gametophyte reveals a dynamic, actively growing foot, even in a young sporophyte several centimetres long that is emerging from the soil and greening at the apex.
The massive nature of the foot in lycophyte embryos contained within non-photosynthetic gametophytes is related to the nutritional dependency of young sporophytes on the gametophyte over a prolonged underground phase, which is estimated to last as lomg as 4 years (Bruce, 1979) . During this time, only the gametophyte is mycoheterotrophic and the placenta is the sole source of reduced carbons for the developing sporophyte. Demands on the placenta are extreme, and the foot is opportunist in its quest to obtain nutrients through invasion of new gametophyte tissue. Indeed, the length of matrotrophy in these plants may be significantly longer than that in bryophyte sporophytes, which never establish nutritional independence. In bryophytes, sporophyte longevity approximates 1 year, but may be as short as 2 -4 weeks in ephemeral taxa such as Sphaerocarpos. Aneura mirabilis, the only mycoheterotrophic liverwort, is reported to lack wall ingrowths, but details of development and longevity are unknown (Ligrone et al., 1992) . It would be of interest to compare the placenta of green species of Aneura with those of A. mirabilis to see if the latter exhibits peculiarities that reflect the sub-terranean and parasitic habit of this plant. Embryos of lycophytes are distinguished from those of other seed-free tracheophytes by a process of reorientation that repositions all embryonic regions (Johnson and Renzaglia, 2009 ). Therefore, the zone of contact between gametophyte and sporophyte during proliferative embryonic growth is literally in a state of migration. If interdigitating cells were formed or wall invaginations were fully developed in regions or during early developmental stages, they would impart some rigidity and limit this reorientation process. Mitotically active foot cells in L. obscurum lack wall invaginations and directly contact gametophyte cells, similar to monilophytes (Duckett and Ligrone, 2003) . Co-ordinated interactions between cells of the two generations over much of the life of the placenta maintain this longlived and dynamic embryo. Electron-lucent cell wall invagination are devoid of cross-linking elements and are consistent with enhanced uptake while maintaining a degree of cell flexibility for further penetration into gametophytic tissue. Polarity in cell content is consistent with unidirection movement/loading of foot reserve from the gametophyte into the sporophyte. Transfer cells form conspicuous wall ingrowths very late in development when the foot functions primarily in absorption of degenerating gametophyte cells. Adjoining gametophyte cells appear to play a passive role in this process as they are only shells of cell walls with little content and no starch or oil.
The embryo of lycophytes with green gametophytes such as Lycopodiella and Palhinhaea is much shorter lived than those of Lycopodium and Diphasiastrum. Consequently, the placenta is small, and reaches maturity early, with transfer cell cytology evident in both generations (Peterson and Whittier, 1990; Duckett and Ligrone, 1992) . The contact zone between generations is smooth, not exhibiting intermingling foot and gametophyte cells, features evident in monilophytes. This smooth interface may be a function of the activity of the suspensor, early reorientation of the embryo, followed by development of the foot (Johnson and Renzaglia, 2009) . Matrotrophy is short lived in these plants (measured in months, not years), which may produce a specialized embryonic protocorm for nourishment that develops outside of the gametophyte, is green and harbours a mycoendophyte (Duckett and Ligrone, 1992) .
Among heterosporous lycophytes, placental microanatomy has been documented in one species of Isoetes and three of Selaginella (Hilger et al., 2002 (Hilger et al., , 2005 . Both genera have a narrow placental space with or without collapsed gametophyte cells, as occurs in L. obscurum. However, no wall ingrowths were seen in any cell of either generation in these heterosporous taxa. This differs from homosporous lycophytes that show transfer cells on both sides in green gametophytes and in the foot only in L. obscurum. The authors suggested several reasons for the lack of transfer cells in Isoetes and Selaginella, namely the loss of wall ingrowths due to adaptations to an aquatic life history and the possibility that this condition is plesiomorphic in this ancient lineage. However, they did not consider embryology in their discussion. According to Bierhorst (1971) , the foot in Isoetes is derived from the two outer cells of a four-celled embryo, but, during differential growth of embryonic regions, the foot is repositioned to a more central area of the megagametophyte. This embryo does not produce a suspensor as in other lycophytes; rather the foot pushes into the gametophyte as a multicellular mass (Bruchmann, 1898 (Bruchmann, , 1912 LaMotte, 1937) . In Selaginella, embryo reorientation is even more extreme, with the embryo apex pushed into gametophyte tissue and undergoing a turn of almost 180 8 before emerging from the gametophyte (Bierhorst, 1971) . Thus, the foot is not in place and fully developed until the sporophyte apex is ready to emerge from the megagametophyte. Young sporophytes in these heterosporous plants become photosynthetic and independent at that stage. Hilger et al. (2005) reported that megaspore germination to emergence of the embryo spans only 2 -6 weeks in the Selaginella species they examined. The lack of wall ingrowths may simply be a function of an ever-changing, short-lived embryo, which also explains the intraplacental zone of dead gametophyte cells in both genera.
In monilophytes with mycoheterotrophic gametophytes, not only is the embryo stationary (does not reposition) but the young sporophyte acquires independence through mycoheterotrophy not photosynthesis (Johnson and Renzaglia, 2009 ). This means that nutritional independence occurs while the embryo and young sporophyte are developing underground. Tmesipteris is the only representative monilophyte with a non-photosynthetic gametophyte for which ultrastructural details of the placenta are known (Frey et al., 1994) . This embryo has interdigitating foot cells, but, unlike leptosporangiate taxa that possess gametophyte and sporophyte transfer cells, wall ingrowths are restricted to the gametophyte side (Frey et al., 1994 (Frey et al., , 2001 . Light microscopic studies suggest further variability in other eusporangiate ferns, e.g. marattiaceous ferns lack interdigitating cells (figs 19-13 in Bierhorst, 1971; Gifford and Foster, 1989) , but ultrastructural observations are lacking for key taxa such as Psilotum, Botrychium and Ophioglossum, with sub-terranean gametophytes, and Equisetum, Marattia and Angiopteris, taxa with green gametophytes.
When embryology and life history strategies are considered further, other characteristics of monilophyte placentas are more clearly understood. In leptosporangiate ferns, transfer cell wall labyrinths develop early and foot cells interdigitate with gametophyte cells (Duckett and Ligrone, 2003; Johnson and Renzaglia, 2008) . There is no intraplacental space nor is there evident digeneration of gametophyte tissue. This is most exaggerated in monilophytes with green cordate gametophytes where the foot is very small and both gametophyte and placenta are short lived. In Ceratopteris, the time from fertilization to embryo emergence is ,2 weeks, but the embryo is photosynthetic within 1 d of fertilization (Renzaglia et al., 1995; Johnson and Renzaglia, 2008) . The foot develops early in embryology and its growth is co-ordinated with elongation of adjacent gametophyte cells, resulting in intermingling of the two generations and no degeneration of gametophyte cells. The placenta of Azolla, a heterosporous aquatic fern, also has wall ingrowths in both generations but deviates in the lack of intermingling gametophyte and sporophyte cells, although the junction is smooth as in other leptosporangiate ferns. Ultrastructural examination of additional heterosporous ferns is in order to determine if this is a common characteristic of water ferns.
The foot is an embryonic region that is universal in embryophytes (Johnson and Renzaglia, 2009) , and common features within major plant clades seemingly would provide rich data for phylogenetic analysis (Duckett and Ligrone, 2003) . However, features such as location of transfer cells exhibit considerable variability at all levels of classification and thus are highly homoplastic (Fig. 4) . As noted for example within lycophytes, transfer cells may be absent, in both generations, or restricted to the sporophyte side. A similar situation occurs across moss and liverwort diversity. In mosses, this diversity is seen in early divergent taxa such as Sphagnum and valvate mosses, while, in liverworts, it occurs in more derived simple thalloid taxa (Ligrone et al., 1992) . Perhaps variability in bryophytes is also traceable to patterns of embryo and associated gametophyte development. A particularly fruitful line of investigation would be to examine cell wall constituents during wall ingrowth development in transfer cells. Associations between constituent wall polysaccharides, such as pectins, hemicelluloses and cellulose, and proteins, such as arabinogalacturonic proteins, will provide a comprehensive picture of the dynamic nature of this specialized wall.
The hundreds of millions of years of evolutionary history of pteridophytes and bryophytes have resulted in numerous modified patterns of embryology, which literally changed the course of land plant evolution (Ligrone et al., 2012a, b) . Placental features will reflect these adaptations and must be evaluated in reference to such change. A key conclusion from the present study on the placenta of L. obscurum is that diversity in placenta microstructure cannot be satisfactorily explained unless also evaluated in light of patterns of embryology and gametophytic habit/ growth. This insight is critical in selecting new taxa to examine and in evaluating accurately the evolution of land plant placentas, the essential sites of interchange between female and offspring.
